for determining the architecture of bone and, more important, that the form of bone is related to mechanical stress by a mathematical law
(1). For the past century, WolfFs law has become widely accepted if not scientifically proven (2) . The prevailing view is that bone cells, namely osteoblasts and osteocytes, act as sensors of deformation in bone tissue that signal an anabolic response if a deformation threshold is surpassed (3, 4) . In support of this view, experimental studies have shown that bone loss in weight-bearing limbs occurs during spaceflight or when a limb is placed in a cast (5) (6) (7) (8) (9) , and bone hypertrophy occurs when bone is subjected to increased mechanical loads (10) (11) (12) (13) (14) . However, there are many inconsistencies in the current paradigm. For instance, increased bone formation does not always occur near the tissue where deformation is the greatest (15) . Simulated weightlessness experiments using 6#{176} head-down tilt bed rest with human subjects or tail suspension in rats have demonstrated increases in bone mass in the skull and mandible after a period of several weeks (16, 17 The velocity at which the water moves through the sponge is related to the rate at which the force is applied.
In bone that is loaded in bending, the stressgenerated electric potential, which is produced by the electrokinetic phenomenon known as streaming and therefore related to fluid flow, increases monotonically with increasing loading frequency (20) (21) (22) (23) (24) 
Streaming potential measurements
Streaming potential measurements were made cx vivo at Helen Hayes Hospital on the tibias of six rats, as an indirect measurement of bone fluid flow during cyclical bending.
Within minutes after the rats were killed, whole limbs were excised at the hip and soft tissues were removed from the tibiae. Electrodes were attached to the medial and lateral surfaces of the mid-diaphyseal tibial shaft within 30 s of removal of soft tissue, and bones were immediately placed into a humidity chamber set to maintain relative humidity above 95%. Testing began within 4 mm of soft tissue removal and was completed after about 20 mm.
Sintered Ag/AgCl pellet electrodes (205A In Vivo Metrics, Healdsburg, Calif.), protruding from the end of 4-40 nylon bolts, were held in place by a Delrin electrode holder that had a soft, closed-cell silicone rubber underpad, with circular cutout to provide an electrical seal around each electrode site. Electrical contact between the electrode and bone was made via a small cotton plug, saturated with buffered (to pH 7.0) saline. A materials test system (MTS 810, MTS Systems Corp., Minneapolis, Minn.) was used to load the tibiae in sinusoidal four-point bending in displacement control (displacement was 0.2 mm) at frequencies ranging from 0.1 to 30 Hz. Stressgenerated potential (SGP)' data were preamplified and stored on a digital oscilloscope (Model 4094A, Nicolet, Burlington, Mass.). In-house software using Fast Fourier Transform routines was used to determine the magnitude of SOP per stroke at each frequency.
Bone formation measurements
Bone formation measurements were made at Indiana University on 122 rats. The rats were divided into 10 groups of 10 each and 2 groups of 11 each (average body wt was 308 ± 38 g). Of the 122 rats entering the study, specimens were analyzed from 114 animals. Three animals died from complications after anesthesia and five animals had missing bone labels. Rat weights did not change significantly over the course of the study (P -0.5, paired test: data not shown).
All rats were exposed to either bending or sham loading of their right tibiae. Bending loads were applied to the right tibia through a four-point loading apparatus (13) , placing the lateral surface of the tibia in compression and the medial surface in tension. Sham loads were applied at the same magnitudes as bending forces but the loading pads were arranged so that they squeezed the leg without creating significant bending moments (13) . Loading was applied as a sine wave at a magnitude of 52 N for 36 cycles per day. The frequency of applied load was either 0.05, 0.1, 0.2, 0.5, 1.0, or 2.0 Hz; therefore, the duration of loading varied from 12 mm/day (0.05 Hz) to 18 s/day (2.0 Hz). Loading was applied by an open-loop, stepper motordriven spring linkage. The loading apparatus incorporated a load cell so the applied load on each rat tibia could be monitored (applied loads varied by no more than ± 1 N). Before each loading session, rats were anesthetized by ether inhalation; between loading sessions they were allowed normal cage activity. Rats were given an i.p. injection of calcein green (7 mg/kg, Sigma Chemicals, St. Louis, Mo.) on days 5 and 12 and were killed on day 15. After death, the rats' left and right tibiae were removed, embedded in plastic, sectioned transversely through the midshaft in the region of maximum bending moment (about 6 mm proximal to the tibiofibular junction), and analyzed microscopically using reflected UV light at x150 and x300 magnification.
Bone formation rate (BFR/BS) was measured on the endocortical bone surface using a Bioquant semiautomatic digitizing system (R & M Biometrics, Nashville, Tenn.) attached to a Nikon Optiphot fluorescence microscope.
RESULTS
Stress-generated potentials, generated by four-point bending, in the rat tibia increased monotonically with increased loading frequency (Fig. 1) . As SGP are caused by bone fluid flow, this result indicates that bone fluid flow was progressively increased by increased loading frequency.
Bone formation rates in the control (left) tibiae of the rats were significantly different among the experimental groups (P < 0.001, ANOVA), suggesting group differences in the baseline bone formation rates. Because of these differences, measurements in the loaded (right) tibiae were normalized by subtracting the corresponding measurement in the contralateral (control) tibia. Relative bone formation rate (BFR rt tibia -BFR lft tibia) was significantly higher with bending LoadingFrequency (Hz) Figure   1 . Stress-generated potential (SGP The association between increased loading duration and decreased bone formation raises the possibility that the lack of bone formation response for loading below 0.5 Hz may result from increased loading duration and not decreased loading frequency. We tested this possibility in another experiment (C. H. Turner and M. R. Forwood, unpublished results) by exposing rat tibiae to bending at 2 Hz for durations ranging from 36 to 360 s (the 18 s group from the current study was included in the analysis).
The results showed that increasing the duration of loading did not decrease, but significantly increased, bone formation rate (Fig. 3) . Furthermore, the association between increased loading duration and decreased bone formation was not seen in the sham loading groups when the 0.05 Hz group was removed (P = 0.27, ANOVA). Therefore, increased loading duration cannot be responsible for the lack of bone formation response below 0.5 Hz in Fig. 2 .
After exduding the effect of increased loading duration, there are two possible explanations for the relationship between loading frequency and an increase in bone formation rate. First, bone cells may be more sensitive to higher- 
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